By taking photographs using wiggler synchrotron radiation (SR), clear images of fine fissures on a human dried proximal phalanx were obtained. This has never been achieved by the conventional X-ray method. The 40 mm × 40 mm exposure field used to cover the object was prepared by magnifying the original SR beam cross section (7 mm × 7 mm) with two successive asymmetric reflections of Si crystals. The width of the fissures images was approximately 20 µm on medical X-ray film. These images can be explained by X-ray phase contrast. This new method may enable an accurate diagnostic method in the field of orthopedics, such as that for small fractures associated with a bruise.
Introduction
Since the discovery of X-rays in 1895 until recently, all practical uses of X-ray radiography have been based on absorption contrast. In the early 1970s, Ando and Hosoya 1) first applied X-ray phase-contrast imaging to biological samples using an X-ray interferometer devised by Bonse and Hart. 2) This technique was recently applied to Computed Tomography (CT) medical imaging using synchrotron radiation (SR) X-rays.
3) Another phase-contrast method based on X-ray interference due to refraction was developed using a microfocus X-ray tube 4) and SR. 5) An attempt at SR phase-contrast radiography on human tissue was made on a piece of human vertebra. 6) In this study, X-ray interference radiography of a human dried proximal phalanx with small fractures was successfully performed. The X-ray images were well explained by the X-ray diffraction at the small fracture of a fine fissure as a phase object.
Experiment
The sample was prepared as follows. The sample surface of the bone was coated with a thin layer (∼100 µm) of urethane resin, and its interior was filled with the same material; this provided a similar image contrast as to that of a waterfilled natural structure. The median of the dorsal surface, 6 mm away from the edge of the distal surface, was hit by a screwdriver with a hammer to form small fractures. The mechanical pressure at the contact point was estimated to be 150 MPa; this is a reasonable value for the formation of the fractures, since typical bone samples exhibit limited plastic deformations at around 120 MPa.
7)
The radiography was performed at beamline 14C at the Photon Factory (PF), High Energy Accelerator Research Organization (KEK), which operates with an acceleration energy of 2.5 GeV and an initial stored current of 400 mA. SR X-rays are produced by a 5 T superconducting wiggler with a horizontal magnetic field so as to produce vertically polarized SR. The electron beam size on the synchrotron orbit is 36 µm (V) and 580 µm (H) and the angular divergence of X-rays is 9.8 µrad (V) and 83 µrad (H), 8) where (V) and (H) indicate the vertical and horizontal directions, respectively.
For better visibility of the X-ray images, the first-order coherence of the SR beam was enhanced by crystal diffraction, ergy of 30 keV was tuned using the iodine K-absorption edge at 33.17 keV. The sample was 0.3 m away from the second crystal. The axis of the bone was placed perpendicular to the beam from the second crystal. The sample-to-film distance, z, as in figure captions ranged between 0.1 m and 0.7 m. The minimum distance was limited by a platform. An X-ray image was stored on mammography film (Konica SR-IC). Its spatial resolution was on the order of 5 µm because intensias shown in Fig. 1 . Here, monochromatization and magnification of the beam cross section occur due to two successive reflections of asymmetrically cut Si crystals, in both the vertical and horizontal directions. 10) Their 311 diffraction planes were inclined to the crystal surfaces by 5 degrees, so that the original SR beam size of 7 mm × 7 mm was magnified up to 40 mm × 40 mm at 30 keV. The angular divergence of X-rays thus prepared incident to an object is estimated to be 1.3 µrad. These were prepared by cutting a floating zone (Fz)-grown Si block into pieces 40 mm×150 mm×6 mm, and then mechanically polishing and chemically etching them.
The first crystal, placed 36 m from the source, was shielded by Pb to reduce X-ray scatter onto the X-ray film. The second crystal was located 0.8 m away from the first one. Each crystal was mounted on a four-axis manually driven goniohead on a Huber 410 goniometer with the angular resolution of 0.36 arcsec/pulse by a reduction gear with a ratio of 1 : 10. These were controlled by a PC 98VX. The incident X-ray enfying screens were not used. The film was placed inside a cassette made of a black vinyl sheet. The exposure time for each radiograph was approximately 2 seconds at a ring current of 325 mA.
Furthermore, an X-ray image of the same bone was obtained using a medical X-ray tube with a tungsten target and an apparent focus size of 100 µm × 100 µm. The X-ray focus to the film distance was 1.2 m. The exposure field size was 3 cm × 6 cm. The exposure was 1000 mAsec without intensifying screens. The maximum tube current was limited to 20 mA at a tube voltage of 45 kVp. The total filtration, including an additional Al filter, was equivalent to that of 1.8-mm-thick Al. The tube voltage and other operating conditions were those applied in conventional phalanx radiography.
11) Therefore, the effective X-ray energy was nearly equal to 30 keV.
Results and Discussion
The clarity of the X-ray image of bone fissures showed a significant dependence on the distance between the sample and the film. Figure 2 shows an X-ray image taken at z = 0.7 m, which was printed on photographic paper so that the black and white in the film image was reversed. The image should include both the X-ray absorption and phase-contrast information of the sample. Its corresponding sketch is shown in Fig. 3 at half the scale of Fig. 2 . Another X-ray image taken at z = 0.1 m showed a significantly less clear image of fissures. Figure 4 shows an X-ray image which was taken using the conventional X-ray tube. The black and white in the print has the same definition as in Fig. 2 
Conclusion
SR interference radiography with an incident X-ray energy of 30 keV has successfully revealed small fractures on a human dried proximal phalanx. The exposure time was approximately 2 seconds at a ring current of 325 mA. The width of the fissure image was approximately 20 µm; this was known because of the presence of black lines on X-ray films whose spatial resolution was approximately 5 µm. The line shape and width of the fissures could be well explained by a semitransparent single slit model for a phase object.
X-rays. If we assume n ∼ 0.4 × 10 −6 , λ = 4.1 × 10 −11 m (E = 30 keV) and L ∼ 50 µm, the calculated value φ is expressed as ∼π .
The width of the fracture-line image on the film is approximately 20 µm, which is in reasonably good agreement with a convoluted calculation of the diffraction full width (W) 15) based on the assumption that d = 7.5 µm λ,
and the spatial resolution of the film is approximately 5µm, where d is the width of the slit opening. The sharpness of the trabeculate bone image taken by SR X-ray at z = 0.7 m is far better than that obtained by conventional X-rays. An image enhancement of fringes at the phase object, based on X-ray refraction, causes this qualitative difference. This effect is unremarkable in conventional X-ray tubes for practical radiography because their focus size is larger than 100 µm.
In a clinical trial of fracture radiography to discover bone diseases a view area of 15 cm × 20 cm is required. 16) This seems feasible to obtain by using a beam-size magnifying technique. Owing to the short exposure time, SR radiography could reduce image blurring due to sample motion; this is very useful for practical human clinical medicine to detect small-sized features, such as small bone fractures. conventional X-ray image. Because small fissures cannot be clearly visualized with such a low absorption difference between bone tissues, phase contrast is the only acceptable interpretation of the contrast origin. Comparing highly coherent monochromatic SR X-rays with those emitted from a conventional X-ray tube, the former seem favorable because of their high degree of coherence.
The above-mentioned contrast can be well explained by a model in which plane waves are diffracted by a fissure and then interact with those passing through semitransparent slit blades of bone. 13, 14) The practical Fresnel integral shows a strong dependence of image contrast on the distance between the object and the film. The resulting phase shift (φ) in this mathematical formula is expressed as
where n = n 1 − n 2 is the difference in the X-ray refraction index between n 1 for the slit opening and n 2 for the semitransparent slit blades; L is the thickness of the blades corresponding to the depth of the fissure, and λ is the wavelength of the
